The assembly of curved protein rods on fluid membranes is studied using meshless membrane simulations. Spontaneous curvature along the protein rod was focused in previous studies. Here, it is revealed that a small spontaneous curvature perpendicular to the rod can drastically alter the tubulation dynamics at high protein density whereas no significant difference is obtained at low density. A percolated network, which suppresses tubule protrusion, is intermediately formed depending on the perpendicular curvature. For a vesicle, a ring assembly stabilizing an outer bud is also obtained. 87.15.kt,In living cells, membrane shape deformations in endo/exocytosis, vesicular transport, cell motility, and cell division are regulated by various proteins [1] [2] [3] [4] . Many of these proteins contain a binding module known as the BAR (Bin/Amphiphysin/Rvs) domain, which consists of a banana-shaped dimer [5] [6] [7] . The BAR domains are categorized into subset of unique families including "classical" BARs, F-BARs (Fes/CIP4 homology-BAR), and I-BARs (Inverse-BAR). The length of the BAR domains ranges from 13 to 27 nm [6] . The extension of membrane tubes from liposomes, formation of a cylindrical scaffold, and specific absorption of the BAR superfamily proteins onto tube regions have been experimentally observed [5] [6] [7] [8] [9] [10] [11] . The dysfunction of the BAR proteins is considered to be implicated in neurodegenerative, cardiovascular, and neoplastic diseases. Thus, it is important to understand the mechanism of membrane shaping regulated by proteins not only for fundamental sciences but also for medical applications.
In living cells, membrane shape deformations in endo/exocytosis, vesicular transport, cell motility, and cell division are regulated by various proteins [1] [2] [3] [4] . Many of these proteins contain a binding module known as the BAR (Bin/Amphiphysin/Rvs) domain, which consists of a banana-shaped dimer [5] [6] [7] . The BAR domains are categorized into subset of unique families including "classical" BARs, F-BARs (Fes/CIP4 homology-BAR), and I-BARs (Inverse-BAR). The length of the BAR domains ranges from 13 to 27 nm [6] . The extension of membrane tubes from liposomes, formation of a cylindrical scaffold, and specific absorption of the BAR superfamily proteins onto tube regions have been experimentally observed [5] [6] [7] [8] [9] [10] [11] . The dysfunction of the BAR proteins is considered to be implicated in neurodegenerative, cardiovascular, and neoplastic diseases. Thus, it is important to understand the mechanism of membrane shaping regulated by proteins not only for fundamental sciences but also for medical applications.
Frost et al. experimentally determined that F-BAR proteins absorb more frequently on flat regions of lipid membranes than curved regions [8] . The protein assembly was observed on the flat membranes using electron microscopy. Although this assembly seems to be a nucleus of the tubule formation, the protrusion process of the tubules has not been experimentally observed. Recently, Tanaka-Takiguchi et al. reported that the formation dynamics of tubules from a liposome can be quite different for different F-BAR proteins [11] : FBP17 and CIP4 simultaneously generate many tubule protrusions over the entire surface, while PSTPIP1 and Pacsin2 generate only a few protrusions from a narrow region of the surface. Thus, the tubule nucleation process depends on the type of protein, although they belong to the same BAR family. However, it is not known what causes this difference of the tubule nucleation. They also reported that the full length of Pacin2 induces tubulation but its F-BAR domain region alone does not [11] .
The BAR domains are banana-shaped and generate an anisotropic curvature different from the isotropic spontaneous curvature C 0 [12] induced by spherical colloids, polymer-conjugated lipids, and other membrane-bending proteins. This anisotropic nature has recently received increasing theoretical interest. The classical CanhamHelfrich curvature free energy [13, 14] was extended to the anisotropic curvatures [15] [16] [17] . The adsorption and assembly of the BAR domains were investigated using atomic and coarse-grained molecular simulations [18] [19] [20] . Simunovic et al. simulated a linear aggregation of N-BAR domains parallel to the domains [20] . However, its relation with tubulation remains unsolved. Discoidal vesicles and tubular formation were simulated using a dynamically-triangulated membrane model [21, 22] and meshless membrane models [23, 24] . Despite these numerous advancements, the physics of membrane shape deformation caused by anisotropic curvature is still far from complete understanding.
In this Letter, we focus on the effects of the spontaneous (side) curvature C side of the protein rod perpendicular to its longest axis. The excluded volume or van der Waals attraction between proteins can effectively generate positive or negative curvatures C side . We demonstrate that even small values of C side can qualitatively alter the tubulation dynamics, despite small changes in the thermal equilibrium properties. We simulate tensionless flat membranes, vesicles, and membrane tubes by using an implicit-solvent meshless membrane model [24] [25] [26] [27] [28] . A BAR domain is modeled as a banana-shaped rod, and it is assumed to be strongly adsorbed onto the membrane. In order to investigate the membrane-curvature-mediated interactions, no direct attractive interaction is considered between the rods. The membrane-mediated interactions induce the assembly of the protein rods [24] .
We employ a spin meshless membrane model [24, 27] , in which a membrane particle has an excluded volume with diameter σ and an orientational degree of freedom. Solvent is implicitly accounted for by an effective potential between the membrane particles. A fluid membrane is represented by a self-assembled one-layer sheet of N mb particles. The bending rigidity κ and spontaneous curvature C 0 of the membrane are controlled by a curvature potential. A BAR protein is modeled as a curved rod consisting of 10 membrane particles. The rod has anisotropic spontaneous curvature C rod along the rod and C side perpendicular to the rod. In this study, we employ the parameter set used in Ref. [24] for a membrane with C 0 = 0. The details of the model are given in Supplemental Material [29] . The membrane has mechanical properties that are typical for lipid membranes: the bending rigidity κ/k B T = 15 ± 1, the area of the tensionless membrane per particle a 0 /σ 2 = 1.2778 ± 0.0002, the area compression modulus K A σ 2 /k B T = 83.1 ± 0.4, and the edge line tension Γσ/k B T = 5.73 ± 0.04, where k B T denotes the thermal energy. This edge tension is sufficiently large to prevent membrane rupture during tubulation. The molecular dynamics with a Langevin thermostat is employed [27, 30] . The simulation results are displayed with a time unit of τ = σ 2 /D, where D is the diffusion coefficient of the membrane particles in the tensionless membranes [29] . and 2). The rods are equilibrated with C rod = 0 and C side = 0 initially, and the spontaneous curvatures are changed at t = 0. Immediately, the rods begin to assemble perpendicularly to the rod axis. For a positive spontaneous curvature of C side σ = 0.1, many tubules simultaneously protrude via the bending of straight rod assemblies (see Fig. 1(a) and Movie S.1 [29] ). Branches of the rod network are formed on the membrane only temporally. When the tubulation is started, a neighboring branch is broken by its shrinking force. For a negative curvature C side σ = −0.1, the rods form a percolated network covering the entire membrane area [see the top snapshot in Fig. 1(b) ] and a tubule protrudes under membrane undulation (see the second snapshot in Fig. 1(b) and Movie S.2 [29] ). Subsequently, the tubules grow along the network. Thus, the tubulation dynamics is remarkably changed by a relatively small side curvature C side . Negative and positive side curvatures C side stabilize and destabilize the network branches, respectively. The tubulation at C side σ = −0.1 is much slower than that at C side σ = 0.1 and much fewer tubules protrude: the average times of the protrusion of the first tubule are t tb /τ = 6, 900 ± 400 and 1, 000 ± 100 for C side σ = −0.1 and C side σ = 0.1 at C rod σ = 0.4, respectively. Such characteristic dynamics is distinguishable from the time evolution of the mean cluster size N cl , as shown in Fig. 2(b) . Two rods are considered to belong to the same cluster when the distance between the centers of mass of the rods is less than 5σ. For C side σ = −0.1, most of the rods belong to one large percolated cluster during the tubulation. In contrast, for C side σ = 0.1, N cl decreases as the tubules are formed, and later N cl slowly increases owing to tubule fusion into branched tubules [see the bottom snapshot in Fig. 1(a) ]. Based on the evolution of N cl , the tubulation pathways are categorized to three groups [see Fig. 2(a) ]: tubulation via percolatednetwork formation (net), via partial-percolated-network formation (part), and without percolation (iso). When a percolated network does not cover the entire membrane surface or a large cluster of N cl ≃ N rod is maintained for a period shorter than 2, 000τ , we categorize the tubulation pathway as the partial-percolated-network formation. As the rod curvature C rod decreases, the tubulation becomes slower and a smaller number of large tubules are formed. The tubules are nucleated and grow from the branch of the network at C rod σ = 0.25 or 0.3 and C side σ = −0.1.
Our simulation results show that the network formation is crucial for the tubulation. To confirm this more clearly, the effects of the side curvature C side on the rodmembrane interaction are investigated. A percolated network is not formed during the tubulation at a low rod density, φ rod = 0.1. The rods assemble into linear clusters and subsequently large clusters (N cl 40) transform into tubules (see Fig. 3(a) and Movie S.3 [29] ). Although initial cluster formation is slightly slower for the negative curvature, C side σ = −0.1, no qualitative difference is detected in the tubulation dynamics [see Fig. 3(b) ]. Figure 4 shows the thermal equilibrium states on a vesicle of a radius R ves = 15.4σ and on a membrane tube of a radius R cyl = 9.89σ calculated using replicaexchange molecular dynamics [24, 31, 32] . At low values of C rod , the rods are randomly distributed on a spherical vesicle and on a cylindrical tube. With increasing C rod , an oblate vesicle or an elliptic tube is formed, and the rods assemble at largely bent membrane regions (the equator of the oblate or tips of the ellipse). Subsequently, they form a two-dimensional (2D) assembly. Thus, the assemblies are divided into two 1D assemblies unlike normal 2D phase separation [24] . The phase boundaries, which are determined by the inflection point and max- imum of the shape deformation [29] , are only slightly dependent on the side curvature C side ; therefore, the effects of C side on the rod assembly are very limited. Thus, we conclude that the suppression of the tubulation at high rod density is caused not directly by the local rodmembrane interactions but by the mesoscale network formation.
Next, we investigated tubulation from a vesicle of radius R ves = 30.7σ at φ rod = 0.3 (see Fig. 5 ) and found that the original membrane curvature C ves = 1/R ves = 0.033/σ changes the tubulation dynamics. For the positive curvature C rod σ = 0.4, no tubulation is obtained for C side σ = −0.1, 0, and 0.1. Instead, the vesicle deforms into an elliptic disk, and the rods surround the rim of the disk [see Fig. 5(b) ]. Similar shapes were previously reported by Monte Carlo simulations [22] . The rod network is temporally formed but is broken in a short period even for C side σ = −0.1 (see Fig. S.3 in Supplemental Material [29] ). Thus, the outward tubulation and network formation are suppressed in small vesicles.
In contrast, for the negative curvature C rod σ = −0.4, tubulation into the inside of the vesicle is obtained (see Fig. 5(c) and Fig. S.4 in Supplemental Material [29] ). A percolated network has a much longer lifetime than in the flat membrane [see the middle and right snapshots in Fig. 5(c) ]. The coexistence of tubules and a ring is also obtained [see the left snapshot in Fig. 5(c) ]. The ring stabilizes an outward bud. A similar ring assembly of F-BAR proteins is observed along the contractile ring of cell division [33] . For C rod < 0, the rods bend the membrane in the inner direction (opposite to the original membrane curve) such that the rods locally form a saddle shape, in which the two principal curvatures have opposite signs. Thus, the network structures are stabilized by the positive (opposite) side curvature C side > 0 but not by C side < 0. The inner membrane of mitochondria has a much larger surface area than the outer one and forms numerous invaginations called cristae, which have tubular and planar structures. Previously, we demonstrated that the constraint of the outer membrane can induce such invaginations [34] . The tubular invagination can be also induced by membrane bending of the protein rods. It is likely that the combination of these two mechanisms results in the formation of the cristae in mitochondria.
Here, we employed Langevin dynamics in which hydrodynamic interactions are neglected. Since the static stability of the network branch is the key factor, we do not expect the obtained C side dependence to be qualitatively changed by hydrodynamic interactions. However, the condition for network formation can be modified. The network formation is observed in the phase separation of two fluids of different viscosity [35] . Thus, when the rod-adsorbed regions have higher viscosity, the network formation can be enhanced.
We have revealed that in the addition to the spontaneous curvature C rod along the protein rods, the perpendicular spontaneous curvature C side significantly influences the protrusion of membrane tubules. The percolated-network structure of the rod assembly has a long lifetime for C side < 0 because the saddle membrane shape at branches of the rod network is stabilized by the opposite curvature of C side with respect to C rod . Remarkably, the temporal-network formation suppresses tubulation despite having a minor effect on the equilibrium property.
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